ABSTRACT: A new Micromegas manufacturing technique, based on kapton etching technology, has been developed recently, resulting in further improvement of the characteristics of the detector, such as uniformity and stability. Excellent energy resolution has been obtained, reaching 11% FWHM for the 5.9 keV photon peak of the 55 Fe X-ray source and 1.8% FWHM (with possible evidence of less than 1%) for the 5.5 MeV alpha peak of the 241 Am source. The new Microbulk detector shows several advantages like flexible structure, low material and high radio-purity, opening thus new possibilities for both accelerator and low counting-rate experiments. The detector has already been used in CAST and n-TOF, while it is being tested for future neutrinoless double-beta decay experiments like NEXT. Details of the production of several types of Microbulk detectors will be described. First benchmark results will be presented, demonstrating the enhanced performance of Microbulk detectors.
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Introduction
Gas proportional counters based on the Micromegas [1, 2] technology are an example of a new generation of detectors that exploit narrow anode-cathode gaps, rather than thin wires, to create gas gain. These detectors, called Micropattern Gaseous Detectors, are inherently pixel detectors that can be made at large size for reasonable costs. Because of their intrinsic gain and roomtemperature operation, they can be instrumented at very low power per unit area, making them valuable for a variety of particle physics applications where large-area particle tracking is required. Micromegas is a Parallel Plate Detector (PPD) with three electrodes, cathode, micromesh and anode and a narrow amplification space, typically 50-100 microns, between the micromesh and the anode. The detector gain depends directly on the distance between the micromesh and anode, therefore controlling the geometry of the amplification region is crucial in order to achieve good energy resolution [2] .
In its traditional form, Micromegas is built by use of a thin electroformed Nickel mesh as the Frisch grid for dividing the gas chamber into the drift and amplification gaps. The mesh is stretched and glued on a removable glass-fiber frame and placed above the anode plane [3] . To maintain a uniform gap, small cylindrical insulating spacers made of photo-imageable resin, 100 µm thick and 150 µm in diameter, are fixed to the anode strips by a standard printed circuit technique. Another type of mesh based on simple chemical-etching techniques on a single foil of kapton copper plated on both sides has been also developed. The manufacturing process relies on the high accuracy of the photolithography technique that allows to print on a 5 µm copper grid with 25 µm openings and a pitch of 50 µm; the kapton is partially removed, leaving kapton pillars that are used as spacers for the amplification gap of the detector [4] . Efforts have been focused on producing the amplification region as a single piece using the newly developed "bulk" method [5] . A woven mesh is laminated on a PC board covered by a photoimageable polyimide film, and the pillars are made by a photochemical technique with insulation through the grid. Such an 'all-in-one' detector, called 'bulk' Micromegas, is robust and will allow large areas to be made in one piece. This industrial assembly process allows the regular production of large, stable and inexpensive detector modules [5] .
We present a novel fabrication technique using kapton thin-foil etching technology. We have used this technique to fabricate detectors, reading out anode and cathode strips, in a single integrated structure. We present gain and energy resolution measurements, detailed results stability and uniformity from these detectors, as well as several applications in high energy and nuclear physics.
Manufacturing process
The raw material is a thin flexible polyimide foil with a thin copper layer on each side. The foil is usually glued on top of a rigid substrate that provides the support of the micro-structure and most of the time carries anode strips or pixels. In some applications demanding low detector material the foil is stretched and glued on a suitable frame.
We have used two slightly different technologies that are described below. In both technologies (see figure 1-2) a standard lithography and kapton etching is used. This technology is inspired by the GEM detector fabrication process invented at CERN [6] . A thin photoresistive film is laminated on top of the kapton foil and it is insolated by UV light to produce the required mask. The copper is then removed by a standard lithographic process, the non-insulated places producing a pattern of a thin mesh. In our first prototype the holes are 30 µm in diameter and a pitch of 80 µm. The polyimide is then etched and partially removed in order to create tiny pillars in the shadow part of the mesh below the copper mesh.
In the second approach the polyimide is completely removed except the points where small pillars are created (about 100 µm in diameter) with a pitch of ∼1 mm. To achieve this, an additional insolating spot (about 200 µm) is formed during insolation process, leaving after the lithographic process a copper spot of 200 µm in diameter (see figure 2) . By increasing the duration of the etching process, the polyimide under the mesh is removed completely except the points below the shadow of these copper spots.
-2 - In both cases a structure of Micromegas is produced with two types of pillars that are maintaining flat the amplification gap between the mesh (cathode) and anode plane. Notice that the pillars are always on the shadow of copper pads therefore any dead space is avoided, as in the conventional structure. This is also an advantage in imaging applications with x-rays or neutrons. We have successfully built prototypes using polyimide foils of 25 and 50 micron thick providing amplification gaps of 25 and 50 micron respectively.
Characterization measurements
Different batches of 3.5 cm diameter circular Micromegas were produced at CERN. The amplification gap was 50 µm while the anode was non-segmented. A picture of the readout plane can be seen in figure 3 . The hole diameters of the mesh are 30 µm with a pitch of 100 µm. These detectors were tested in a test chamber at atmospheric pressure with a gas mixture of argon with 5% isobutene, having a drift gap of 5 mm. The signal was read out from the Micromegas mesh using an ORTEC 142B preamplifier and fed into an ORTEC 572 shaper amplifier. A multi-channel analyzer AMPTEK MCA-8000A was used for spectra recording.
The energy resolution was measured by irradiating the detector with a 55 Fe collimated source. We obtain a result 11.2% FWHM at 5.9 keV, and a well separated escape peak at 3 keV as shown in Figure 5 shows the gain curve as a function of the amplification field for 26 Microbulks produced over more than 1 year. The gains obtained, reaching values higher than 10 4 , are of the same order as in standard Micromegas detectors and the dispersion at a given field value is around 13%. This dispersion accounts, apart from the dispersion in performance, for a variation of environmental conditions as the measurements were realized over one year in a non-controlled pressure and temperature environment.
Microbulks of gap size of 25 µm have also been manufactured. Their performance in terms of gain and in comparison with standard Microbulk (50 µm gap size) is given in figure 6 at atmo- spheric pressure. The maximum gain obtained with the 25 µm gap is not optimized as it is known that smaller gap sizes are best suited for higher pressures. For the 25 µm gap size, the optimum is around 2 bar.
The resolution of Microbulk Micromegas detectors at high pressures with high energy particles has been largely studied in reference [7, 8] in regard to a high pressure TPC for a future double beta experiment. Here we will only stress two aspects. The first one is that energy resolutions down to 1.8% and 2% FWHM have been obtained at 5.5 MeV by using an 241 Am alpha source in 2% and 5% argon-isobutane mixtures. The second one is that, in pure xenon gas, energy resolutions of 2.8% and 4.5% FWHM have been obtained for 2 bar and 4 bar respectively although being limited by gas purity. These preliminary results in pure xenon are very encouraging in the prospects of using Microbulk Micromegas detectors for a double beta decay experiment.
Performance in physics experiments
Micromegas detectors constructed with Microbulk technology have several advantages like low material, high radiopurity and better energy resolution which makes them very attractive for rare event detection experiments. The detector has been already used for axion searches in CAST [9] [10] [11] [12] and it is being tested for future experiments like NEXT [13] . Furthermore, the minimal amount of material, and the small neutron sensitivity makes these detectors suitable for neutron beam experiments, such as n TOF where Microbulks are being used for beam monitoring.
Microbulk in CAST
The expected signal in CAST is an excess of X-rays of energy 1-10 keV during solar tracking, over the background. Thus, low background detectors are a key element for the experiment's sensitivity. Such detectors should show low intrinsic radioactivity, good energy and spatial resolution, time stability and particle discrimination capability. Since 2008 three Microbulk detectors are being used, replacing the conventional Micromegas and the TPC.
The manufacturing process of the CAST Microbulk with a 2D readout scheme is summarized in figure 7 . The detector anode consists of square pads interconnected in the diagonal direction through vias in two extra back-layers. In a recent development, the connections in one direction were done at the pads level, so only a single extra layer was needed for the other direction, thus further reducing the detectors material (figure 8). The micromesh is formed by holes constructed on top of the pads, insuring in combination with the electron diffusion in the drift gas, that similar amount of charge is deposited on both X and Y pads. The strip pitch is 550 µm, while the spatial resolution is better than 100 µm due to the diffusion, which results on a mean multiplicity of ∼8 in each direction for 6 keV X-ray events.
The rest of the detector chamber consists of Plexiglas, while a thin (5 µm) aluminized mylar window with an aluminum strong back is used for the coupling with the magnet vacuum. The readout lines are constructed on the same kapton and the front-end electronics are placed well away from the sensitive area, so that they can be placed outside the shielding. All these result in having only very low radioactivity materials (kapton, copper, Plexiglas and aluminum) on the detector area, which in combination with appropriate shielding can lead to a minimal internal background level.
The main source of background in CAST conditions is cosmic muons which give a trigger rate of the order of 1 Hz in each Micromegas detector. However this background can be suppressed by applying a pattern recognition algorithm on the offline data, since muons have a completely different signature than X-rays of few keV. Another source is environmental radiation like gammas and neutrons, which can be reduced using a passive shielding. In CAST, we are using a shielding that consists of 2.5 cm of archaeological lead, surrounded by polyethylene of a thickness varying up to 25 cm, limited only by space constrains. Between the lead and the polyethylene there is a 2 mm thick cadmium foil to absorb thermal neutrons. Inside the lead there is a 5 mm thick copper layer, also serving as faraday cage. The front-end electronics are placed outside the shielding. The shielding interior is flushed with nitrogen in order to reduce radon radioactivity. Figure 9 . From left to right: 55 Fe energy spectrum with 5% isobutane collimated source; 2.3% isobutane non-collimated source; gain stability with time, the steep is due to the increase in the applied voltage by 1 Volt.
In such a configuration the achieved background level is determined by the detector's radiopurity and particle discrimination efficiency, for the same shielding quality. A Microbulk detector, besides its radiopurity, offers better energy resolution and time stability compared to conventional and bulk Micromegas, which lead to enhanced particle discrimination efficiency.
The energy resolution of the CAST Microbulk reaches 11.5% FWHM at 6 keV, for a gas mixture of argon 95% -isobutane 5% when the detector is irradiated with a collimated ( / 0 15 mm) 55 Fe source ( figure 9 ). In CAST, safety rules limit the isobutane fraction to less than 2.3%, so the resolution is relatively reduced, however it still reaches 15.5% for non-collimated total surface irradiation. This performance is comparable with the one achieved with the single-pad Microbulk detectors used in laboratory tests, showing that the 2D structure does not affect the energy resolution.
The stability of the detector with time is also crucial in a rare event detection experiment, where statistics are accumulated over long periods. The gain of Microbulk detectors is more stable
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than traditional Micromegas due to the attachment of the mesh to the anode. Microbulks are also less sensitive to gas pressure variations than the bulk migromegas due to the smaller amplification gap. This stability has been observed, over 30 days, during the operation in CAST as shown in figure 9 (right).
The Microbulk detectors showed the lowest background level among all detectors used in CAST, reaching less than 10 −6 s −1 cm −2 keV −1 . Beyond this nominal operation, there have been several periods where the background have been reduced to the extraordinary low level of ∼2×10 −7 s −1 cm −2 keV −1 [14, 15] , due to reasons which are under investigation, and which could be partially linked to variations in the radon concentration inside the shielding.
Microbulk for NEXT
NEXT [13] is a neutrinoless double beta decay experiment using a high pressure gas xenon TPC. Critical requirements for the detector in such an experiment is excellent energy resolution and background reduction from event topology, characteristics that has already been shown that the Microbulk meets.
In order to investigate the performance of Microbulks in high gas pressures, a series of experimental tests were performed and are still going on, at the Zaragoza University and at CEA Saclay. These tests have shown that there is no critical limitation for Micromegas to work up to 10 bar. No significant differences have been found in the response on low energy X-rays or high energy alpha particles, regarding the ionization yield or electronic transparency of Micromegas' mesh. Less than 1% FWHM is pointed out as the intrinsic energy resolution of Micromegas for 5.5 MeV alphas in argon-isobutane mixtures. There was no indication in these tests that these results have to be strongly dependent on pressure (probed up to 4.5 bar) or gas mixture (Microbulk have run in xenon without quencher). A detailed report on these results can be found at [8] .
Another development towards a large scale TPC was the successful testing of the first 10x10 cm Microbulk with pixelised readout. The first medium area (30 × 30 cm) Microbulk is currently being built.
Microbulk in n TOF
The n TOF experiment [16] - [17] is performing high precision cross-section measurements of neutron-induced reactions, using a neutron beam of a very wide energy range (thermal up to GeV). A critical point in these measurements is the precise knowledge of the energy distribution of the neutron flux at the measured sample position, without the need to measure the absolute flux. In the ideal case the flux measurements should be performed in parallel with the cross-section ones. Therefore a very low mass detector is needed to minimize the beam distraction and the background induced to the other detectors. Furthermore, the detector should show high resistance to radiation and low gamma sensitivity. A system consisting of a 6 Li deposit on a mylar foil and 4 offbeam silicon detectors detecting the 6 Li(n,α) 3 H reaction products has been used [18] , Although the 6 Li(n,α) 3 H total cross section is considered a standard, the angle differential cross section is not.
Therefore the useable energy range of this detector is limited by the uncertainties in the angular distribution. In addition the angular efficiency of the detector is difficult to measure.
A detector system based on Microbulk Micromegas was designed (figure 10 left) in order to be placed in the neutron beam in a short distance in front of the measuring point. The system consists -8 - of two Micromegas detectors placed inside a cylindrical chamber closed at the ends by kapton foils of 75 µm thick facing 10 B and 235 U neutron converters. In case the detector is placed in air the thickness of the kapton can be reduced to 10 µm. The detector consists of a drift cathode of 1.5 µm aluminized mylar with 1 mg of 10 B, and a second drift cathode of 1.5 µm aluminized mylar with 1 mg of 235 U. Each Microbulk has two 5 µm thick copper layers and 25 µm kapton forming the pillars. The pillars were constructed with a pitch of 500 µm, minimizing thus the material to the point that the main disturbance to the beam is caused by the neutron converters. In parallel, such a detector consisting of kapton and copper only shows very high radiation resistance.
The detector was used in laboratory and beam tests and was installed in n TOF during the commissioning and start-up measurements in 2009. It showed the good energy resolution of all Microbulks, allowing the separation of the reaction fragments (alphas and 7 Li for 10 B, fission fragments and alphas for 235 U, figure 10 right), while it has been insensitive to the intense gamma-flash that accompanies every neutron pulse in n TOF. Its performance was very stable, without major disturbance on the other measurements, and the system will be used for the rest of the campaign. Furthermore, the segmentation of the micromesh will allow the construction of a low mass detector with "real" 2D readout scheme for the first time, to be used as flux and beam profile monitor.
Future developments
The capacity of the detector is higher in the first fabrication mode described in section 2 because of the large quantity of kapton left in between the electrodes. We will push the etching process in order to remove as much kapton as possible and leave only tiny pillars. This improvement is necessary not only for lowering the electronic noise but also for decreasing the amount of charge released during an occasional discharge.
Up to now two-dimensional strip read-out in previous Micromegas detectors was possible by interconnecting pads in the anode plane as explained in the previous section. The new micro-Bulk technology offers the possibility to segment the cathode element, the copper mesh. Such X-Y read-out is suitable in some applications where a fully correlated anode-cathode signal is required. Figure 11 . In red from top to bottom the copper mesh, the pillars, the bottom copper pads, the resistive layer, the bottom copper plane.
The size of the Microbulk will also be pushed as much as possible to tackle some applications requiring large detector area. To be able to produce larger size detectors we will follow also new developments going on at CERN through the RD51 collaboration. A study is going on to upgrade the equipment and the organization of the existing facility and contacts with industrial partners could also help to reach this goal.
For applications requiring operation at high pressures we are interested in decreasing the amplification gap. Present technology allows to fabricate 25 µm gap and our next goal is a 12.5 mm gap on a commercially available kapton foil. However such development requires a simultaneous decrease of the mesh openings and hole pitch. In order to achieve holes as low as 15 µm and pitches of 30 µm we need to change the mask technology for the photolithography process. A precise mask made out of glass, available in the industry, should be developed. Another idea is to interface the micro-Bulk structure to the read-out strip through a resistive thin layer as shown in figure 11 . Using lithographic process the bottom copper is forming small circular pads facing the holes of the micromesh and then a resistive glue or resistive paste is used to interconnect the micro-Bulk to the read-out plane (presented by the copper layer in the drawing).
Conclusion
The new micro-Bulk Micromegas is a quite successful technique used already by some experiments. It provides excellent uniformity and energy resolution and could be manufactured by an industrial process. The detector has low material budget and could provide cylindrical or other curved shapes.Its low intrinsic radioactivity and stability make this detector quite attractive for low background rare event search. For high rate particle physics experiment the detector could be used as internal high-precision tracker. Its low material is a key point to achieve good momentum resolution in high energy physics spectrometers, usually limited by the effect of multiple scattering of charged particles in the detector material
